Collaboration forms an integral aspect of global research endeavors, where co-authorship derived from bibliographic records provides the building block for mapping research collaboration networks. Bibliometric techniques and social network analysis tools were applied to measure the scope and depth of collaboration in biomedical research in Southeast Asia during the period 2005-2009. In particular, centrality scores and draw network maps were calculated for both country and institutional levels of aggregation. In the field of biomedical research, Thailand and Singapore are the most productive and collaborative countries in Southeast Asia during the period studied. Using network analysis, there was strong correlation of research productivity by a country or institution with the number of collaboration and its group influence, and weak correlation with maximal data flow within the research network. There were specific clusters of connected institutions in subnetworks for neoplasm, diabetes, and tuberculosis research. Given the observed frequency of regional collaboration in Southeast Asia, in comparison to foreign collaboration, it is argued that increasing the number of collaborations within Southeast Asia will help advance the region's efforts on domestic and regional health issues.
INTRODUCTION
Author collaborations and institutional collaborations are a common aspect in scientific research. It exists in various forms, e.g., as interdisciplinary research work that is shared by groups of different disciplines and/ or as parallel research where individual groups apply a similar protocol in separate study sites. Current trends of scientific collaboration show increasingly global connections, which mirror the transformation of individual research systems into increasingly global efforts. The continuing growth in quantity, size, and diversity of research projects are afforded by the availability of new communication channels and information facilities.
Data Processing
All text files exported from Scopus are merged into a single master text file, and duplicate bibliographic records are then carefully deleted. Publication dates are screened to restrict the dataset within [2005] [2006] [2007] [2008] [2009] . The master text file is converted into DBase files using the MS-DOS executable Scopus.exe (Leydesdorff, 2008) , and then translated into a single Microsoft Access database comprising three core tables that contain article data (34, 125 records), institutional affiliations (112,956 records), and author information (178,185 records) . Excluding all errata notes published, the articles datatable contains 34,059 records. Since Scopus provides variable names and addresses of local and foreign institutions based directly on data given by publishers, the country names, institutional names and addresses were thoroughly checked, corrected, and standardized.
Data Analysis
Two-mode crosstab matrices are obtained from the Microsoft Access database according to the level of aggregation (i.e., country level or institutional level) and particular subset (i.e., all biomedical research, cancers and neoplasms, diabetes, infectious diseases, malaria, or tuberculosis). These 2-mode matrices comprise bibliometric records versus their corresponding co-authors (country or institution), with data containing binary values.
In counting the number of collaborations among countries and institutions, the method of whole author counting was used, where each author (country or institution) receives one full score. In assigning bibliometric records to specific subset (e.g., cancer and neoplasm research), specific keywords were used for data mining within the list of titles and abstracts of the Microsoft Access database.
To work around the maximum column limit of crosstab queries in Microsoft Access, these crosstab matrices are further merged in Microsoft Excel and IBM SPSS into 13 unique 2-mode matrices. Each 2-mode matrix is then transformed into a weighted, undirected 1-mode network, i.e., a similarity matrix based on the number of coauthorships, using Ucinet v6.286 by Analytic Technologies .
Social network measures are explored using automated software functions in Ucinet. Degree centrality, closeness centrality, and eigenvector centrality (Bonacich, 1972; Borgatti et al., 2002; Freeman, 1979) are calculated for each country or institution in the network. Descriptive statistics for each network, e.g., number of nodes, network density, and average centrality scores are also calculated using Ucinet. Pajek (Batagelj & Mrvar, 1998) was used as parallel software to confirm the number of nodes and edges. For each network analyzed, countries or institutions are ranked according to centrality scores.
Network mapping is done using Pajek and Netdraw (Borgatti, 2002) . The strength of the link or edge between any pair of institution or country is defined as the number of bibliographic records wherein the pair co- (Girvan & Newman, 2002; Borgatti, 2002) .
For statistical analysis, tabulated data for each network are subjected to Spearman rank correlation and Pearson product moment correlation, where 0.72 is the critical r & ρ value for 2-variable comparison at the country level of aggregation at N=10, at 0.050 significance p, and 0.21 is the critical r & ρ value for 2-variable comparison at the institutional level of aggregation at N>200, at 0.050 significance p. These coefficients are calculated in order to determine if, for example, the number of collaborations is correlatable with the amount of research output and centrality scores.
RESULTS
Social network analysis yields a comprehensive array of statistics to characterize scientific collaboration networks. At the country level of aggregation, infectious disease research and neoplasm research comprise 12.98% and 8.19% of 34,059 biomedical publications in 2005-2009, respectively (Table 1) . Tuberculosis research, diabetes research, and malaria research also represent a significant share of the entire dataset (1.40%, 2.41%, and 2.78%, respectively). In contrast, node degree is the number of ties incident upon a node (country or institution), and average node degree calculates the mean of all degree scores normalized against the number of nodes involved in the network. Degree score was described as numerically equivalent to the number of collaborations for that particular node. It is also equivalent to the sum of all weights of edges attached to that node. Thus, the network on infectious disease research has the most number of collaboration per country under the field of biomedical research.
Average node closeness, on the other hand, tells us how fast a unit of information can arrive on a given node of a network. A closer node therefore allows faster data exchange. Based on this network indicator, countries involved in the infectious disease research network are closer to each other compared to other disease subsets of biomedical research.
For a valued network, density computes the total of all values divided by the number of possible ties (Borgatti, 2002) . Therefore, network density values greater than 1 represent an estimate that any pair of nodes is denser compared to all other subsets. However, neoplasm research collaborations among countries tend to be slightly less cohesive based on average distance, which is described as the average number of steps it takes to travel from a given node to any other node. All networks in this study, nevertheless, show that the average number of steps between nodes is less than two, which is significantly lower than the popular concept of "six degrees of separation", or theoretically, the "small world" concept first demonstrated by Travers and Milgram (1969) .
The weighted overall clustering coefficient, by definition, is the weighted mean of the clustering coefficient of all the nodes each one weighted by its degree . In other words, it tells us the probability that any one country belongs to a cluster or subset of nodes having multiple redundant connections formed with each other. Data suggests that clustering is most likely to occur in neoplasm research.
The same array of network statistics is calculated for the institutional level of aggregation (Table 2) .
Institutional networks on neoplasm research and malaria research have more nodes outside Southeast Asia (i.e., foreign institutions), while a larger percentage of nodes are within the region for tuberculosis research. Infectious disease research and diabetes research networks are more or less equally distributed between regional and foreign nodes. Comparison of average node degrees and network density shows that neoplasm research has generated more collaboration per institution. Infectious disease research, on the other hand, is more cohesive and has afforded the closest interaction among institutions. Southeast Asia during the period, with 9,995 instances of collaboration, while Thailand was the most productive nation with 8,384 co-authorships with other countries (Table 3) . Centrality measures are then calculated in Ucinet for each Southeast Asian country. In particular, each measure of centrality assumes a different set of characteristics regarding information flow in the network of nodes, particularly in the way how information is diffused or exchanged within the network, and in which path or trajectory the information is passed from one node to another (Borgatti, 2005) . Specifically, the mechanism of transmission from node to node in collaborative research networks is likely through parallel duplication, where information is copied from the original node and simultaneously performed in several receiving nodes. This is similar to a radio broadcast network where information is recorded in the radio station and broadcasted to all radio listeners. Borgatti (2005) has argued that only specific centrality measures can be applied to certain network types. In the case of an R&D network, the most appropriate centrality measures are Freeman closeness, Freeman degree, and Bonacich eigenvector (Bonacich, 1972; Freeman, 1979) . Highly collaborative countries are greatly prolific in output (r=0.968, p=0.000; ρ=0.952, p=0.000) and highly influential based on eigenvector (r=0.977, p=0.000; ρ=0.997, p=0.000). However, high eigenvector scores cannot be correlated with high closeness scores (r=0.663, p=0.036; ρ=0.973, p=0.000). These correlation values support the notion that centrality scores have been formulated to evaluate distinct aspects of a network. It is important to note that the entire dataset and its consequent subsets are Southeast Asia-centric. Thus, the node size for the United States in Figure 1 , for example, reflects only its publication output within the limits of this Southeast Asian dataset. The United States and other foreign countries are assumed to have produced more biomedical output than reported here in the same 5-year period.
Thailand is the most productive during [2005] [2006] [2007] [2008] [2009] , and has the highest closeness centrality. In a flow context, closeness was interpreted as an index of the expected time until arrival of data flowing through the R&D network. Therefore, nodes like Thailand with high closeness scores have shorter total distances from other nodes, and they can receive data flows sooner. Thailand is well-positioned to obtain/receive and share/give novel information early in the process.
Singapore, on the other hand, has the highest degree centrality and eigenvector centrality. Eigenvector centrality is defined as the principal eigenvector of the adjacency matrix defining the network. In simple terms, a node has a high eigenvector score when it is adjacent to nodes that are themselves high scorers. The idea is that even if a node influences just one other node, who subsequently influences many other nodes (who themselves influence still more others), then the first node in that chain is highly influential. Thus, Singapore is the most influential country in Southeast Asia in the field of biomedical research.
An important research question for this study is to determine if Southeast Asian nations are cooperating with each other, or does each country pursue diverging motives in biomedical research. For instance, have Singapore and Thailand, being important knowledge hubs in the regional network map, created a viable communication channel in between? The dynamics of regional cooperation in biomedical research can be gleaned through general patterns of co-authorship of countries (Table 4) . Table 4 and Figure 1 , the communication channel between Singapore and Thailand remains weak, and the primary conduit, at least in biomedical research, between the two countries is through the United States.
Neoplasm Research
Bibliometrics has found several applications in exploring the scope of cancer and neoplasm research.
Cambrosio, Keating, Mercier, Lewison, and Mogoutov (2006) Only 36.80% of institutions in this network are located within Southeast Asia (Figure 2) , and a large cluster is formed by institutions outside the region (Girvan-Newman Q=0.022) (Girvan & Newman, 2002; Borgatti, 2002; Newman, 2006) . Local institutions exist in the periphery of the research network. The Karolinska Institute in Sweden, British Council Cancer Agency in Canada, and German Cancer Research Center in Germany are the most frequent foreign partners of Southeast Asia in neoplasm research.
Diabetes Research
In a study by Lewin (2008) Particularly, institutions in Thailand appear to have the greatest group influence in the diabetes research network (Figure 3) . A tight cluster of Thai medical centers and universities is observed to form a heavy lattice in one portion of the network map. Smaller clusters exist for institutions in Malaysia, Singapore, and the Philippines. The
University of Melbourne and University of Sydney are the most frequent foreign collaborators in diabetes research.
Infectious Disease Research
A few general trends in public health research have been generated in previous studies using bibliometric approaches. For instance, Western Europe and the United States were shown to have had the greatest impact on parasitic research for 1995 -2003 (Durando, Sticchi, Sasso, & Gasparini, 2007 Falagas, Papastamataki, & Bliziotis, 2006; Glover & Bowen, 2004) . Meanwhile, research production in Asia, excluding Japan, remained low despite the major incidence of parasitic diseases in some areas. Takahashi records and 120 countries. The largest research producer and most frequent collaborator is Thailand. High output is strongly correlated with high degree (r=0.988, p=0.000; ρ=0.961, p=0.000) and eigenvector centrality (r=0.976, p=0.000; ρ=0.861, ρ=0.001), and weakly correlated with closeness centrality (r=0.765, p=0.010; ρ=0.912, p=0.000).
In terms of co-authorship, the United States, United Kingdom, and Japan provide the most instances of collaboration. Within the region, Thailand is a significant partner to six of its neighbors, suggesting a central role for
Thailand in infectious disease research in the Southeast Asia.
At the institutional level of aggregation, the network is dominated by universities and research agencies in
Thailand, e.g., Mahidol University, Chulalongkorn University, and Chiang Mai University. The Centers for Disease
Control and Prevention in the United States and Churchill Hospital in the United Kingdom are the most frequent foreign partners in infectious disease research. Research productivity in the field is strongly correlated with degree centrality (r=0.950, p=0.000; ρ=0.796, p=0.000), moderately correlated with eigenvector (r=0.799, p=0.000; ρ=0.635, p=0.000), and weakly correlated with closeness (r=0.337, p=0.000; ρ=0.653, p=0.000). As mentioned above, distances between nodes in the infectious disease research network are the shortest, and has the highest likelihood of cohesion compared to other institutional subsets.
Malaria Research
In previous bibliometric studies on malaria research, Thailand was identified as one of the leading countries on malaria research during 1996-2000 (Lewison, Lipworth, & De Francisco, 2002) and in 1990 and 2000 (Garg, Dutt, & Kumar, 2006) . Mahidol University was also named as one of the most prolific producers globally during the same period. The dataset confirmed these observations, which are important to funders particularly in directing future resource allocations for malaria research.
The (r=0.974, p=0.000; ρ=0.773, p=0.000) and eigenvector (r=0.945, p=0.000; ρ=0.710, p=0.000) , and weakly correlated with closeness (r=0.337, p=0.000; ρ=0.684, p=0.000). The most frequent foreign collaborators in malaria research are the University of Oxford and Churchill Hospital in the United Kingdom, and Charles Darwin University in Australia.
Tuberculosis Research
An overview of tuberculosis research for 1997-2006 has been previously described, where Thailand was identified as among the most prolific producers of tuberculosis research output (Ramos, Padilla, Masia, & Gutierrez, 2008 The patterns of co-authorship illustrated here will be constantly affected by a number of factors influencing the decision of scientists to collaborate. At the country level of aggregation, co-publication patterns may reveal the political affinity and economic status of a country (Glanzel, 2001) , such as neo-colonial ties described above. At the institutional level, collaboration may be influenced by the need for multiple study sites, such as for clinical field trials. At a personal level, a scientist may decide to collaborate with his past affiliations and academic peers. Another reason of a scientist to opt for joint research is the need for multiple disciplines and expertise to interpret separate portions of his research project.
Indeed, scientific collaboration is an elaborately complex phenomenon, where personal motivations of authors overlap with research opportunities and gaps existing in their institution and country. The patterns of cooperation reported in this study will change over time. Nonetheless, the combination of network analysis tools and bibliometric methods which was demonstrated in this paper will be useful as an objective methodological framework for quantifying scientific collaboration in Southeast Asia in future studies.
CONCLUSIONS
Based on the results, several salient observations can be drawn. Firstly, the region as a whole collaborates most actively with American counterparts, while some Southeast Asian nations maintain preferential partnerships to specific European knowledge hubs. Geographical distance, therefore, is not a limiting factor. Neither does regional proximity assure of closer collaborations. Secondly, the central role of Singapore and Thailand is common in biomedical research and its subsets. Thailand is distinctly central in the domains of infectious disease research.
Thirdly, distinct institutional clusters or subgroups have formed within networks. A large component of foreign institutions is present in neoplasm research. Tight cooperation among Thai researchers exists in malaria research, while preferential associations of Indonesia to the Netherlands and Australia are described in tuberculosis research.
Lastly, the bibliometric output of a country or institution is strongly correlatable with collaboration count and group influence, but weakly correlatable with maximal data flow. There is an emerging need to increase joint research work among Southeast Asian countries and institutions, in order to deepen our understanding of local health
